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Abstract 
 
Turkey has long been a tectonically active region. Given the strong links that exist 
between magmatism and tectonics, mafic volcanic products are useful probes into active 
and ancient tectonics. Abundant Turkish volcanism makes it a perfect natural laboratory 
in which to study tectonic processes such as subduction and delamination, which impact 
the chemical reservoirs in which they are active. In and around Sivas, Turkey the 
geochemical natures of post-Miocene mafic volcanics are explored with these ends in 
mind. Disparate incompatible trace element data are observed in the form of broad OIB 
signatures, arc-like Nb and Ta depletions, Tb/YbN ratios and relative depletions in K but not 
similarly incompatible element Th. Such ITE data are indicative of a mixed history of 
heterogeneous components, as well as a diverse melting history. Lavas from Sivas are 
linked with an original and similar mantle origin (Ba/Rb, Rb/Sr, and other ITE ratios), and 
various chemical heterogeneities are explored to understand both source and post-melting 
processes. These chemical variations can be linked to unique inputs caused by possible 
crustal interaction (Ce/Pb) or the addition of pelagic sediments to the source region (Th/La 
and Li). The possible role of delaminaiton or foundering is explored as a cause of apparent 
inconsistencies in ITE data. Further, a more robust theory of petrogenesis, involving 
heterogeneous source components and a more complex melting history, is proposed for the 
central Anatolian rock suites of Sivas, Turkey.   
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Chapter 1 – Introduction and Tectonic Considerations  
I. Introduction  
Primitive mafic lavas act as proxies for the mineralogical and thermal state of the 
earth’s interior, and their chemical compositions provide insight into the melting 
processes occurring within various tectonic environments. One important environment 
for the generation of melt is that of subduction, or burial of oceanic crust along 
convergent tectonic boundaries.  This tectonic setting is particularly well expressed along 
the borders of the Anatolian block, which comprises most of the country of Turkey.  
Continental collision, preceded by subduction of oceanic crust has occurred along the 
western, southern and eastern margins of the Anatolian block (Fig. 1). The complex 
tectonics of Turkey make it a perfect place to study various modes of magmatism 
associated with collisional environments.  
This project seeks to characterize the magmatism associated with crustal collision 
and lithospheric disturbance. These disturbances can lead to the removal of the lower 
crust or mantle lithosphere resulting from either slab rollback or slab break off, both 
commonly referred to as delamination or foundering (Elkins-Tanton, 2007). 
Delamination processes associated with orogenic events have been invoked to explain a 
host of geophysical and structural observations including synorogenic extension and 
uplift in various regions of Turkey (e.g., Dhont, 1998; Angus, 2006).  
More importantly, the recycling of lithosphere, both continental and oceanic, is 
thought to play a critical role in the chemical development of both the mantle and the 
continents. This chemical and isotopic evolution may occur as earth materials, affected 
by continental and near-surface process such as magmatic differentiation, sedimentation  
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Figure 1: Map and sample locations.  Below: (A) General tectonic map of Turkey and (B) Shaded 
Relief Map of study area with sample locations denoted with triangles (A: Modified: USGS Circular 
1193, 1999). 
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and chemical alteration are added into the asthenosphere at subduction zones, and silica 
rich material is correspondingly added to the continents (Plank 2005; Kelley et al. 2005). 
The history and mechanism of this chemical evolution are deeply studied but not 
absolutely constrained. This project will explore the extent to which subduction and 
foundering mechanisms introduce heterogeneities to the local asthenosphere.  
These chemical changes are of primary interest to this study.  The geochemical 
signatures of primitive mafic lavas are likely to be different depending on the nature of 
the subsurface and the tectonic setting where they formed. Although both occur in similar 
tectonic environments, the processes of slab break-off and slab rollback may result in 
different mantle lithosphere interaction. These differences may be reflected in the 
chemical signatures of igneous materials erupted in each setting. In this work, I seek to 
characterize the chemical variation caused by these two modes of lithospheric behavior, 
which have been recognized by geophysical methods (Wortel & Spakman, 1992; Davies 
& von Blanckenburg, 1995; Keskin, 2003 Plank, 2005; Angus et al., 2006). Further, I 
will attempt to apply these chemical consequences to questions of petrogenesis in central 
Anatolia.   
In any geochemical characterization of igneous materials, their source 
components must be considered. In collisional environments, contributions to magmatism 
come from a wide range of sources including the convecting asthenosphere, the 
continental lithosphere, and the subducting slab. Important contributions may also come 
from fluids released during several phases of dewatering of the slab and its veneer of 
sediments. Finally, in many arc environments there are chemical signatures of sediments 
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that melt upon descent into the subduction zone. Due to the long history of subduction 
along the margins of Anatolia it is feasible to not only characterize these mafic materials 
based upon general lithospheric behavior, but also on proximal sources of sediment as 
another cause of chemical heterogeneity. Tracing sediment input back to its original 
reservoir will shed further light on the sources of the chemical evolution of the 
lithosphere and mantle due to subduction related tectonics. 
Few places in the world allow for the study of delamination’s effects on the 
chemical nature of local asthenosphere. Central Anatolia is one of these rare locations, 
with observed delamination occurring both to the east (Biltas suture zone) and to the west 
(Mediterranean basins). Between these areas is a zone of mafic volcanic rocks that may 
represent melts derived from the underlying lithosphere and asthenosphere, whose 
condition this study is concerned with. The chemical compositions of these rocks may 
help constrain; (1) the extent to which these delamination processes can affect the local 
mantle; (2) whether similar processes have occurred in central Anatolia and if so how 
widespread these processes were, and (3) whether signals from these processes can be 
teased apart from other contributions (i.e. sediments) at such distances from their primary 
surface expressions (i.e. magmatism related directly to local delamination). These 
questions can help constrain how important subduction, foundering and delamination 
processes are in the large picture of the global chemical evolution of the crust and mantle.  
II. Regional tectonic overview 
The neotectonic framework of Turkey is governed by three main components: (1) 
The Aegean-Cyprean Arc; (2) the dextral North Anatolian Fault Zone (NAFZ); and (3) 
the sinistral East Anatolian Fault Zone (EAFZ). The Anatolian Fault zones are large areas 
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of intercontinental strike-slip faults, which meet at a triple junction east of Karliova in the 
northeastern reaches of Turkey (Fig. 1a; Bozkurt, 2001). While these elements are 
currently well constrained, their formation tells a complex tectonic story that will frame 
the ideas presented herein.  
During the Late Triassic, formation of the Neotethyan Ocean began with initiation 
of continental rifting in the eastern modern day Mediterranean. This rifting lasted into the 
middle Jurassic, at which time a cessation of rifting led to the formation of a passive 
margin to the south of Cyprus (Bozkurt, 2001). During this time there was a period of 
crustal thickening, which was aided by the accretion of terrains to the north (Sengor & 
Yılmaz, 1981; Sengor & Natal’in, 1996).  
Toward the end of the Cretaceous (~90 Ma) ocean basins of the Neotethyan began 
to close, and by the late Paleocene the northern portion of the ocean was closed, allowing 
for the terminal collision and suturing of the Eurasian plate to the north with the 
Anatolian-Iranian Platform to the south (Seymen, 1975; Adamia, et al., 1981). South of 
Cyprus subduction of the African plate had begun by the early Miocene and continued 
until a dual stage closure of the ocean in the south between the mid-Miocene (eastern) 
and the early Quaternary (western) (Dewey et al., 1989; Eaton & Robertson, 1993; 
Robertson & Grasso M., 1995).  
Closing first in the east, then in the west, the final collision and suturing occurred 
along the Bitlis-Zagros suture zone, resulting in N-S compression that halted northward 
movement of the Arabian plate with respect to Africa and lasted until the beginning of 
the Pliocene in the west (Hempton, 1987; Yılmaz, 1993; Yılmaz, Yiğitbaş, Genç, 1993). 
In the east, the initial closure event has disparate dates. Pearce et al. (1990) provided a 
Chapter 1 
 7 
brief treatment of the timing of this final collisional event. They attempted to bring some 
unity to the various dates, from 15 to 20 Ma, which are cited for the cessation of active 
subduction in the east. Despite the variations in timing it can comfortably be placed in the 
“mid-Miocene.”  
From the mid-Miocene to the beginning of the Pliocene the Anatolian region 
experienced a brief period of intercontinental convergence as a result of compression 
across the Bitlis suture zone in the east. Convergence caused crustal thickening of up to 2 
km across the Anatolian-Iranian plateau (McKenzie, 1969; Dewey et al., 1973). 
Compressional stress also generated thrust faults and associated ramp basins, both 
trending east-west. Similarly trending folds and regional unconformities were also 
structures left by compressive forces (Karig & Kozlu, 1990). Changing regional 
tectonics, marked by spreading in the Gulf of Aden and the Red Sea, resulted in what is 
now known as Turkish “escape” tectonics (e.g., Hempton, 1987). Specifically this was 
the replacement of a compressional-contraction regime with a compressional-extension 
configuration.  This “escape” is accommodated by contemporaneously formed 
intercontinental transform fault systems: specifically the East Anatolian Fault Zone 
(EAFZ) and the North Anatolian Fault Zone (NAFZ). These fault zones currently 
accommodate coherent westward motion of the Anatolian block at a rate of ~15 mm/y 
(Alici et al., 2002).  
Critical for this tectonic escape is southwestward subduction over the Aegean arc. 
Ages ranging from 5 to 26 Ma have been suggested for the initiation of subduction over 
the Aegean Arc (Bozkurt, 2001). Seyitğlu et al. (1997) gave an earlier timeframe for 
subduction, the late Oligiocene, and the subsequent N-S extension caused by the 
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subduction of the Anatolian plate, was suggested. Nonetheless, all studies find that 
subduction was occuring in time for the formation of the intercontinental transform faults 
that are characteristic of escape tectonics.  
III. Delamination 
Geophysical calculations imply that gravitationally induced instabilities are the 
principal cause of the removal of mantle lithosphere and, possibly, the attached lower 
crust. These instabilities are caused by contrasts in density within the lithosphere that are 
gravitationally unstable with respect to the underlying mantle. Some examples include 
high density cumulates formed at the base of the lithosphere or an eclogitized continental 
root, both of which are denser than the materials they overlie, and may become 
gravitationally unstable (Houseman et al., 1981; Kay & Kay 1993; Elkins-Tanton 2007). 
The material or composite of material that detaches and descends into the asthenosphere 
may be mantle lithosphere alone or dense mafic cumulates attached to the lower crust 
(Houseman 1981; Arndt & Goldstien 1989; Kay & Kay 1991). In some cases, foundering 
or the decoupling of gravitationally unstable portions of the lithosphere has been cited as 
a possible cause of intraplate volcanism as an alternative to upwelling mantle plumes 
(Lustrino 2005).  
This work concerns itself with two of a number of specific phenomena that can be 
considered examples of delamination and/or foundering. The first of these modes of 
delamination is slab breakoff (Fig. 2). As the name suggests, this mode involves the 
detachment of the subducted portion of a lithospheric plate (Bird 1979; Houseman et al. 
1981). This detachment occurs as an oceanic subduction regime gives way to continental 
subduction. The oceanic slab undergoing subduction may decouple from the attached 
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continental lithosphere as continental convergence begins. Specifically, when an 
eclogitized down-going oceanic slab is extended, due to the tectonic forces of subduction 
and continental collision converging on the subducted limb, it may rupture (below a 
depth of ~50 km) causing the slab to breakoff. This rupture may cause a rift or “slab 
window” that might be filled by the adiabatic upwelling of asthenospheric matter. This 
relatively warm asthenospheric material may cause melting of cooler overlying 
lithologies (Davies & von Blanckenburg 1995). 
The second type of lithospheric removal, pertinent to this work, also occurs within 
convergent settings: slab rollback (Fig. 3). In this delamination process the down going 
oceanic slab, or slab limb, may migrate away from the subduction trench. As this occurs 
asthenospheric material will rise to fill the newly created “low pressure” area in the upper 
mantle or lower lithosphere (Wortel & Spakman, 1992; Carminati et al., 1998; Turner & 
Hawkesworth 1998). The mantle lithosphere will first develop “gravitational instabilities” 
that will eventually extend downward, and delamination will ultimately occur as 
convective forces subsequently remove these instabilities and the attached lithospheric 
mantle (Elkins-Tanton, 2007).  
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Figure 2: Diagram of slab detachment. Normal subduction zone (A) can extend and develop a small 
rift (B). Convective forces can move into the rift and propagate it (C) eventually leading to complete 
detachment and finally sinking (D) (Davies & Blanckenburg, 1995). 
 
Figure 3: Slab rollback. Subducting slab migrates away from trench allowing convecting 
asthenosphere to rise into a low-pressure zone and open a “rift window”. 
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Although delamination is a physical process, my study is concerned with the 
geochemical signals that may result from the foundering or delamination of local 
lithosphere. The most characteristic chemical attribute of delamination is the change in 
magmas from calc-alkaline to alkalic and sometimes even ultra-alkalic. This change has 
been observed in lavas from the Sierra Nevada (Farmer et al. 2002) and in areas within 
the diverse Anatolian regions (Yılmaz, 1990; Pearce et al. 1990; Alici et al. 1998; 2002; 
Aldanmaz et al. 2000; 2006).  
 These primitive alkalic lavas may also include hydrous phases (Kay & Kay 1993; 
Elkins- Tanton 2007). Volatile-rich magmas likely originate as carbonic and hydrous 
fluids are released as the slab or detached portion of the lithosphere descends. The 
volatiles may behave like those released from subducting slabs, rising into the overlying 
asthenosphere or lithosphere, and causing melting as the volatiles reach depths at which 
they are more stable (Elkins-Tanton 2007). They may also cause the sinking delaminated 
material itself to melt, merely alter surrounding mantle material, or continue further into 
the earth as the material descends.  
Generally, magmas produced as a consequence of delamination may display 
lithospheric trace element signatures, but such magmas do not appear to have particularly 
unique trace element and isotopic signatures (Elkins-Tanton 2007). Some of these mafic 
magmas have been previously characterized as displaying a combination of arc-like and 
ocean island basalt-like signatures in their compositions. Supposed products of 
delamination are in many cases described as being derived from an enriched mantle with 
residual subduction characteristics (Pearce et al. 1990; Keskin 2003).  
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IV. Geophysical observations 
 Recent geophysical surveys indicate that the lithosphere beneath eastern Turkey is 
either extremely thin or entirely absent. P and S-wave receiver data support a thinning 
lithosphere above a shallow asthenospheric magma source (Angus et al., 2006). 
Lithospheric thickness, resolved using P and S-wave receiver data, for the Arabian shield 
and Iranian plateau are normal for continental margins (~100 – 125 km).  Angus et al. 
(2006) found that the depth to the base of the lithosphere near the East Anatolian fault zone 
was ~60 – 80 km, nearly half of what is measured beneath stable regions to the west and in 
similar areas such as the Arabian shield. This thinning to the east has been interpreted as 
resulting from asthenospheric upwelling and crustal extension related to slab detachment 
and break off (Davies & von Blanckenburg, 1995). This scenario could reflect detachment 
of the subducted ocean slab as the subduction zone turned into a continental collision zone. 
As the slab detaches the ambient asthenosphere can upwell causing a thinning of the local 
lithosphere as well as uplift (Davies & Blanckenburg, 1995; Angus et al., 2006). 
 Just as slab break off has been supported by geophysical data in the east, slab roll 
back has been indicated by geophysical study in western Turkey and many portions of the 
circum-Mediterranean. Specifically, Carminati et al. (1998) used tomographic data to 
resolve the present condition of the lithosphere below the Mediterranean. They were able to 
identify four distinct roll back events in the central Mediterranean alone. Dilek (2006) also 
reported geophysical data in the Aegean region that indicate substantial slab steepening and 
rollback. Both of these processes may be the cause of local subduction zone magmatism in 
western Turkey. Further, these known tectonic events may have left discernable 
geochemical evidence in the local lithosphere beneath central Anatolia, or delamination 
could have occurred there independently as well. 
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Chapter 2 – Geologic and Volcanic History 
I. Western Anatolia 
This section is broadly concerned with the young magmatism of western Turkey 
that was initiated after the continental collisions of the late Cretaceous – Early Eocene 
interval and has lasted into prehistoric times (Sengor and Yılmaz, 1981). Volanic rocks 
related more closely to the subduction across the Hellenic arc are not of primary interest 
to this study, though they are contemporaneous with some of the volcanic and intrusive 
events discussed herein (Pe & Gledhill, 1975). Two distinct stages of magmatism have 
been defined within this interval: (1) a predominately calc-alkaline association of 
extrusive and intrusive magmatism (Aldanmaz et al. 2000, 2006; Altunkaynak & Dilek 
2006); and (2) an alkaline association of mostly extrusive magmatism (Alici et al., 1998; 
2002). These stages will be discussed chronologically.  
The first association consists of calc-alkaline rocks commonly linked with a pre-
Miocene compressional regime. Extrusive suites associated with this phase are mostly 
composed of andesites, latites, and dacites, as well as ignimbrites associated with 
intrusive rock bodies. The intrusive rock types are primarily felsic, including granitoid 
stocks and dykes. These intrusive bodies have yielded isotopic ages of 35 – 23 Ma 
(Yılmaz, 1990). Importantly, basalts are completely absent from this magmatic interval. 
The granitic suite was most likely derived from melting of continental crust due to 
overthickening during a contractional episode. Likewise, the associated andesitic suite 
most likely resulted from a hybrid magma derived from mantle melts that interacted 
heavily with overlaying continental rocks. This andesitic suite also displays possible 
subduction related geochemical signatures (Yılmaz, 1990).  
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Alkali basalts dominate the second association. Hawaiites and mugearites make 
up a large volume of the remaining rock types included in this stage of volcanism, which 
began in the late Miocene. Some of the youngest rocks, from the Kula area more 
precisely, have been dated to 12000 – 25000 years. Also, this alkalic magmatic stage 
closely mirrored changes in tectonics: from N-S compressional to a N-S extensional 
regime (Yılmaz 1990). 
This alkaline stage consists of two suites of basaltic rocks: (a) an olivine basalt – 
tephrite – phonolite (OTP) suite; and (b) a basalt – hawaiite – mugearite (BHM) suite. 
The olivine basalt suite consists primarily of plagioclase (An80-65), olivine, and 
clinopyroxene, with olivine typically present throughout the suite. Clinopyroxene occurs 
as phenocrysts as well as in the groundmass. The suite is primarily aphyric but sparsely 
and locally phyritic (Yılmaz, 1990). Phonolites and tephrites are dark grey to black, fine-
grained rocks with feldspathoids making up essential constituents. Phonolites are made 
up primarily of sanidine, nepheline and clionopyroxene; leucitites predominately consist 
of sanidine, leucite, and clinopyroxene. The basalt – hawaiite – mugearite suite is found 
both with porphyritic and aphyric texture widely. Phenocrysts of plagioclase (An65-40), 
augite, and hornblende are common. Ilmenite, magnetite, and apatite are common in the 
groundmass.  
These two suites are also chemically distinct. Yılmaz (1990) used Ti-content as a 
first order chemical attribute. The BHM suite is classified as Ti-poor, only mildly alkalic, 
and typically hypersthene normative. Chemically it is similar to the earlier calc-alkaline 
series, both being rich in volatiles (up to wt. 4%), K2O (2.5 – 8.5 wt. %), Ba, Rb, Sr, and 
rare earth elements (REE). Further, it has lower high field strength (HFS) element 
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concentrations relative to large ion lithophile element (LILE) concentrations. The OTP 
suite is characterized as Ti-rich (TiO2 from 1.5 – 2.2%) and is also strongly alkalic and 
primarily olivine normative (though nepheline may also occur in the norm). It also 
exhibits higher HFS element content and lower K, Rb, Ba, and Sr values than the Ti-poor 
group (Yılmaz, 1990).  
These more mafic alkaline magmas are interpreted to result from 
contemporaneous extension and decompression-melting, indicative of an extensional 
tectonic regime (Seyitoglu et al. 1997).  The above changes from compressional calc-
alkaline magmas to extensional alkaline magmas can be indicative of delamination 
(Farmer et al. 2002), but are not always explained explicitly by these foundering 
processes. Seyitoglu et al. (1997) described the alkaline melts as mixtures of recent 
asthenospheric melting with melts of the enriched subcontinental lithosphere, with 
intermediate suites (late calc-alkaline and earlier alkaline series) displaying quintessential 
subduction signatures as well. Yılmaz (1990) suggested that the contemporaneous nature 
of the subgroups (Ti-rich and poor) of alkali basaltic volcanism demonstrates a mixture 
of a more “permanently” modified mantle and a “normal” mantle melt. These findings 
are consistent with the idea that recent volcanism in western Turkey is characterized by 
an alkaline series that is linked to a delaminated lithospheric source region, perhaps in the 
presence of a slab (Yılmaz, 1990; Seyitoglu et al. 1997; Alici et al., 1998; Farmer et al., 
2002; Elkins-Tanton 2007). 
II. Eastern Anatolia 
The young volcanism of eastern Anatolia presents a confusing geochemical story, 
although temporal changes in the geochemical character of lavas did occur. Yılmaz 
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(1990) indicated 3 stages of volcanism, while Innocenti et al. (1976) outlined 2. In 
contrast, Pearce et al. (1990) argued that while two groups can be recognized, they are 
more or less found “contemporaneously.” Despite these varying interpretations, there is 
general agreement that a calc-alkaline stage or pulse of volcanism predated the strongly 
alkaline series present in the region in recent times. Yılmaz (1990) also recognized an 
early sporadic pulse of mildly alkalic lavas. Mostly characterized as hawaiities and 
mugearites with the rare trachybasalt, these rocks are primarily composed of 
clinopyroxene and plagioclase. However, these minor early volcanics are seemingly 
ignored by other authors due to their low volumes and age. 
Broadly, there are two chemical “trends” or stages to be discussed: (a) a calc-
alkaline stage; and (b) an alkaline stage. The calc-alkaline phase can be further 
subdivided into an older “initial” stage characterized by the emplacement of large lava 
domes and flows with accompanying pyroclastic material that began in the mid to late 
Miocene and ended with ignimbritic eruptions some 5.7 Ma. The second stage is 
characterized by a decrease in volcanic activity and the growth of large central edifices 
such as Suphan D. (4058 m) and Mt. Ararat (5156 m). This second stage is also reported 
as being more evolved (Innocenti et al. 1976).  
 Generally, these calc-alkaline stages dominated the region’s volcanism from the 
late Miocene through the Pliocene. They are characterized by lavas alternating with 
pyroclastics and locally derived domes. Rock types vary spatially, with basaltic andesites 
and andesites dominating in the north, and andesites and dacites to the south (north of 
Lake Van). Most units display porphyritic textures (Yılmaz, 1990). Phenocrysts make up 
to 40% of the mode in these units, with plagioclase and pyroxene as the dominant 
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phenocyrst minerals in the basaltic andesites and andesites, and brown hornblende and 
sparse biotite in the dacites.  
 Geochemically these calc-alkaline suites range from high-K to normal calc-
alkaline series. The high-K series has high total alkali concentrations (6.5-8%) with 
K2O/Na2O ratios near one. TiO2 contents are typically low (< 0.8%) and LIL element 
concentrations are higher than in the normal calc-alkaline series. The normal calc-
alkaline series has lower total alkali concentrations (5.5 – 7%), and K2O/Na2O ratios 
much less than 1. These rocks also lack an iron enrichment trend and are mostly 
hypersthene and quartz-normative (Yılmaz, 1990). These calc-alkaline magmas display 
evidence of more hydrous compositions (with hornblende as a primary phenocryst in the 
crystallization assemblage) as well as evolution by substantial fractional crystallization. 
Moreover, the source of this calc-alkaline volcanism is most likely the subcontinental 
lithosphere, with some suites also displaying strong signals of crustal contamination 
(Yılmaz, 1990).  
The “last” stage of magmatism in eastern Anatolia is an episode of alkaline 
volcanism (Innocenti et al., 1976; Yılmaz, 1990). This episode began in the late Miocene 
– early Pliocene, and thus was contemporaneous with much of the calc-alkaline 
volcanism, but it played a subordinate role until more recent times. During the 
Quaternary, calc-alkaline volcanism diminished, and alkaline magmatism intensified. 
This gradual shift in alkalinity is associated with the migration of alkaline volcanism 
from north to south within the region (Pearce et al., 1990; Yılmaz, 1990).  
 As is true for the calc-alkaline association, the alkaline phase of volcanism is 
spatially heterogeneous, with variations from north to south. Northern alkaline magmas 
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span from basic through intermediate compositions, consisting mostly of hawaiites and 
mugearites with scant trachybasalts. In contrast, central and southern magmas are mostly 
basalts or bimodal flows with basalt alternating with trachytes, benmoreites, or 
peralkaline rhyolites (Innocenti et al., 1976).  
 The northern series displays aphyric and porphyritic textures. Phenocryst phases 
are typically plagioclase and rare olivine, with clinopyroxene (augite) and orthopyroxene 
occurring in the matrix. They do not display the strongest alkalic affinity; in fact they 
typically are transitional from only mildly alkaline to slightly tholeiitic. This series 
displays a weak iron-enrichment trend. It also contains a stronger subduction signal than 
the southern series: higher Sr relative to Rb, Ba, and Nb. In addition, these rocks contain 
phases similar to those found in the calc-alkaline rocks discussed above.  
The central and southern alkaline series magmas are mostly aphyric. Olivine is 
the most common phenocryst phase, although plagioclase and clinopyroxene also occur 
as phenocrysts, the former being far more common. These magmas are also typically 
nepheline normative, but only in small amounts. The alkaline nature of these more 
basaltic rocks is more pronounced than in the northern magmas. Also, unlike the northern 
series they lack hydrous phases (Yılmaz, 1990).  
In eastern Anatolia both calc-alkaline and alkaline magmas are likely products of 
enriched mantle sources. Specifically, a heterogeneous enriched mantle lithosphere is 
most often cited as the source of these magmas (Innocenti et al., 1976; Pearce et al., 
1990; Yılmaz, 1990). The presence of subduction signals in some magmatic suites may 
be indicative of an upper mantle altered by subduction processes (Yılmaz, 1990). A 
metasomatized portion of the lithosphere had to be melted to generate the necessary 
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magma, and the decoupling of this lithosphere from the invading convecting upper 
mantle would likely lead to the heterogeneous calc-alkaline then alkaline volcanic history 
outlined for eastern Anatolia. This mechanism is also consistent with slab detachment or 
foundering as stated by Pearce et al. (1990).  
III. Central Anatolia 
  My study focuses on the mafic volcanic rocks of Sivas, central Anatolia. What 
follows is a brief treatment of pertinent volcanic and geologic information of this area. In 
Central Anatolia volcanism developed in the late Miocene. This volcanism resulted 
primarily in early calc-alkaline rocks and more recent Pleistocene alkali olivine basalts 
(Dhont et al., 1998; Parlak et al., 2001). Volcanic landforms comprise mostly 
stratovolcanoes such as Erciyes (late Miocene), late Miocene-Pliocene ignimbrite units, 
Quaternary stratovolcanoes and vents scattered through the region that erupted both 
mafic and felsic materials (Notsu et al., 1995; Parlak et al. 2001; Kürkcüoğlu et al., 2001, 
2004).  
Early structural studies focused on the nature of the region’s overall 
compressional nature while later work (Dhont et al. 1998, Koçyiğit & Beyhan, 1998) 
attributed volcanism to extension, as indicated by the central Anatolian grabens and 
associated volcanic rocks.  In particular, extensional volcanic vents are rooted in 
tensional fractures causing linear clustering of volcanic vents and ridges. 
The stratovolcanoes that dot the Central Anatolian Fault Zone (CAFZ) are 
composed primarily of calc-alkaline andesites. Trends of incompatible trace element 
enrichment in more fractionated magmas are indicative of fractional crystallization as the 
cause of these more evolved andesites. Also Notsu et al. (1995) reported data that suggest 
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a significant role for crustal contamination in the evolution of these magmas. Parlak et al. 
(2001) derived similar general conclusions. 
In central Anatolia the basement consists primarily of a package of Paleozoic 
metamorphic rocks, the Akdağ metamorphics. This unit is composed of marble, schist, 
and quartzite, and the entire group is overlain by Tertiary sediments (Dhont et al., 1998; 
Parlak et al., 2001). Pliocene sedimentary rocks make up a thick sequence most probably 
deposited in a lacustrine setting. The base of these Pliocene deposits includes an 
alternation of conglomerates, pebbly sandstone, sandstone, and siltstone of terrestrial 
origin which define the Ağcahan Formation. Conformably above this sequence are the 
Sarıkaya limestone and the Kızlarkalesi gypsum. In some places the Alaçayır Formation, 
consisting of terrestrial sediment and volcaniclastics, sits conformably above the earlier 
Pliocene deposits (Parlak et al., 2001). Lastly, Pliocene/Pleistocene basalts rest above 
these earlier sediments. These old flows rarely display columnar jointing and vesicles are 
locally filled with secondary calcite and quartz. 
In Sivas, along the CAFZ, Parlak et al. (2001) found that alkali olivine basalts 
dominate the Pleistocene lavas. Major, minor, and trace element data from the 
Kızılırmark fault segment of the CAFZ (Parlak et al. 2001) have key geochemical 
signatures (Rb-Sr-Ba, Sm-Nd isotope, Pb isotope, etc.) similar to those of ocean island 
basalts (OIB) or Mid Ocean Ridge basalt (MORB), suggesting they are asthenospheric in 
origin. Mantle derived basalts (Notsu et al., 1995) such as these can be emplaced as the 
result of decompression melting in extensional tectonic environments. The 
stratovolcanoes within the CAFZ are composed primarily of calc-alkaline andesites, the 
rock type found typically in compressional arc settings. My study traces the contrasting 
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evolution of lavas that appear to record contractional tectonic settings (calc-alkaline) and 
those that seem to record extensional tectonics (alkali olivine basalts). This comparison 
will be facilitated by coupling detailed field measurements of outcrop occurrence and 
hand sample descriptions with new geochemical results to gain an integrated perspective.   
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Chapter 3 – Fieldwork and Sample Procedures 
I. Field Work 
The study area includes sites from the Sivas volcanic region. These sites were 
chosen because the erupted lavas appear to be the most primitive and likely have 
undergone minimal fractionation and evolution from original melts. Hence, these rocks 
are the most closely tied to source region geochemistry in central Anatolia.  
Most outcrops occur as boulder size rubble and small-scale ridges throughout the 
landscape. These exposures are consistent with interpretations of small-scale volcanic 
vents as the primary mechanism for this mostly Quaternary volcanism (Dhont et al. 1998, 
Koçyiğit & Beyhan, 1998). However, other structures are present and worth discussion.  
What follows is an overview of three surface expressions of mafic volcanism in the Siva 
region.  
i. Karaseki Plateau 
 A prominent basaltic occurrence in the Sivas is the Karaseki plateau in Icel, 
Turkey 21 km WSW of Kangal Turkey (Fig. 4). The plateau covers an area of ~46 km2 
and stands ~140m above the surrounding topography. The plateau is primarily formed of 
limestone, most likely of the Sarıkaya limestone unit, and capped with a thin layer (10 -
15 m) of basalt that appears to thin to the south (Fig. 4).  
 The limestone is acting as a slope former while the basalt weathers into more 
prominent capping ridges. This veneer of basalt weathers locally into large boulders and 
litters the area around the plateau.  The plateau is likely the result of the capping basalt 
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armoring the softer limestone below unlike the areas adjacent. The plateau appears to be 
eroding back due to the differential erosion and undercutting.  
 
 
 
Figure 4: (Top) The Karaseki plateau stands high above the surrounding landscape. (Bottom) 
Contact between the thin capping of basalt and the thick underlying limestone. 
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ii. Columnar Jointing 
 Many basaltic exposures occur as ridges, although cooling structures are rarely 
found. South of Karakuyu near the end of a local reservoir is a long continuous vertical 
exposure of basalt approximately 4.5 m high. The wall of basalt consists of a continuous 
set of columnar pillars. These columnar jointed basalts are fairly consistent. Fallen 
samples were used as cross-sectional proxies and are ~0.7 m in diameter (Fig. 5).  
 The base of these columnar jointed basalts is most likely in contact with ancient 
soils or paleosols (Fig. 6). The bases of the basalts are fragmented where they came in 
contact with the ancient surface. This contact is probably a chilled margin where hot lava 
cooled more quickly at the base causing the observed fragmentation present. The 
paleosols are primarily tan with reddish iron oxidation. The presence of a discernable 
base and the height of the columnar jointed pillars indicate that lavas did in fact extrude 
onto the surface in sizable volumes.  
iii. Igneous Mound 
Near Tahtyurt, Turkey appears a mound like exposure of dark igneous rock. This 
structure resembles a circular volcanic feature on the landscape approximately 55 m high 
(Fig. 7). This feature is capped with black rock and rimmed by anhydrite locally, but is 
also surrounded by the Kızlarkalesi gypsum locally. However, upon closer inspection the 
dark rock, which seems to make up the bulk of the feature, is not basalt but a medium-to 
coarse-grained olivine gabbro. Petrography confirms serpentization of a moderate 
fraction of the groundmass. Chemically the sample from this location does not stand out 
and seems to track closely with the more volcanic-like samples.  
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Figure 5: (Top) Columnar jointed columns dominate this outcropping of basalt. (Bottom) Cross 
sections of these columns vary but extremely regular shapes are present. 
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Figure 6: (above) contact between lava flow and ancient ground surface (paleosols). 
 
Figure 7: Mound-like outcrop of gabbro (UTM 7363249N 335596E). 
Chapter 3 
 27 
II. Sample Preparation and Methods 
17 samples were chosen in the field on the basis of freshness and homogenous 
color as well as aphanitic texture. Abundance of olivine (in some cases clinopyroxene) 
phenocrysts was also a consideration, but rocks with too much alteration were discarded. 
Similarly, secondary mineralization was avoided whenever possible. Samples weighing 
approximately 2-3 kg were chosen, and their weathered rinds trimmed in the field. GPS 
coordinates were taken for each sampling location but not all locations yielded adequate 
samples (Fig. 1).  
 Technical staff at the Pennsylvania State University prepared samples. Slabs 
were prepared and sent out for the making of microprobe thin sections. Samples were 
selected on the basis of fine grain size and homogeneity for DCP and ICP-MS analysis. 
Specifically, fine-grained samples with homogenous color were chosen for further 
analysis. These samples were cut using a masonry saw and their weathered rinds trimmed 
off; saw marks were removed by grinding with alumina grit. Ground slabs were chipped 
using a micro-jaw crusher with alumina ceramic plates, and powdered for short run times 
(<30 seconds) in a shatterbox using a WC disc mill; short powdering time reduces the 
likelihood of Ta contamination from the WC container.  
Whole-rock analyses for major and minor elements (including Ba and Sr) were 
obtained by DCP on an ARL-Fisons Spectraspan 7; P2O5 and remaining trace elements 
were analyzed by ICP-MS using a VG PlasmaQuad-3 at Duke University. Precision 
based on replicate analyses of samples and natural basalt standards is generally ±<1% for 
SiO2, Sr, Y, Zr, Nb, La, Ce; ±<3% for other major elements, Ba, Sr, Rb, Cs, Cr, Sc, V, 
Chapter 3 
 28 
Co, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Hf and Ta; ±<5% Ni, Yb, Lu, Pb, Th and ±<8% 
for U. 
Thin sections were studied for a signs of alteration and to ascertain minerals for 
microprobe data collection. Detailed petrographic descriptions of samples were prepared 
and photomicrographs were taken of representative sections. These petrographic 
observations will aide in further interpretation. Microprobe data will be forthcoming but 
will not be integrated into this study.  
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Chapter 4 – Results 
I. Petrography and Mineralogy  
 Basaltic samples from throughout the Sivas area in central Anatolia appear 
modally similar in hand sample. Samples are primarily gray to dark gray basalt with 
sparse olivine and subordinate pyroxene and plagioclase. Some samples lack major 
phenocryst and megacryst phases in hand sample, while others display olivine and sparse 
pyroxene. Small phenocrysts (0.4 - 2.6 mm) and microcrysts can be seen in thin section 
(Appendix B).  
Phenocryst contents vary from 2 – 10%, with most samples displaying olivine as a 
major phenocryst, along with minor clinopyroxene and plagioclase. The groundmass of 
all  samples is composed predominantly of plagioclase laths of various fine-grained sizes. 
The groundmass also contains minor amounts of opaque minerals and microcrysts of 
olivine and pyroxene. Alteration to iddingsite, a hydrous iron and magnesium mineral 
mixture, is present in various amounts and some samples have been omitted from further 
study as a result of secondary mineralization alteration.  
 Olivine typically occurs as equant, euhedral phenocrysts <1.3 mm in size. 
Clinopyroxene is also commonly equant, however some grains display a glomerophyric 
texture. The rare plagioclase phenocrysts are most commonly small tabular crystals, but 
some reach 2 mm in size and form equant crystals (Fig. 8).  
 Olivine phenocrysts generally display some degree of alteration (Fig. 8). Some 
crystals have dark red to brown alteration rims, while others are completely or heavily 
iddigingsitized throughout. Microcrysts of olivine are typically highly altered. 
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Clinopyroxene is usually less altered than the olivine with which it occurs, but some 
samples display heavily altered pyroxenes at the phenocryst and microcryst scale. 
 
 
 
Figure 8: (A) Photomicrograph (PPL) consisting of olivine phenocrysts with iddingsite alteration 
rims (sample SV-07-16). (B) Photomicrograph with the polars crossed displays a similar view as A; 
note the fine-grained groundmass which characterizes about a third of the samples (SV-07-16). (C) 
Photomicrograph displaying a rare plagioclase phenocyrst, these are present in few samples (samples 
SV-07-17). (D) Photomicrograph with the polars crossed (same view as C), note the plagioclase lathes 
and coarser grained groundmass, most samples display these textures (SV-07-17).  
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II. Major Element Compositions 
 A total of 16 samples were analyzed and major element compositions are listed in 
Table 1a. Trace element concentrations are listed in Table 1b. Samples are classified 
based on a total alkali – silica diagram, as basalts and basaltic trachyandesites (Fig. 9). 
Three samples do not fall into these categories. One sample (SV-07-01) is classified as a 
trachybasalt, and two (SV-07-16 and SV-07-15) are basanites. Data from Parlak et al 
(2001) and Kürkcüoğlu (unpublished data) are classified similarly with two samples 
falling into the basaltic andesite field. Most samples are mildly alkalic in nature, with one 
(SV-07-13) displaying a more subalkaline character. These data corroborate those from 
other studies of the Sivas area. However, it is important to note that many samples, while 
alkaline, fall in or near the transitional boundary so a strongly alkaline character is not 
observed. 
 No samples have less than 4 wt. % MgO. Major element trends follow three basic 
patterns: 1) decreasing with decreasing MgO (or Mg#); 2) increasing with decreasing 
MgO; 3) or remaining unchanged. Mg# ranges from 40.76 to 56.03. SiO2 ranges from 
41.67 to 53.18 wt. % while Al2O3 varies from 12.78 to 15.72 wt. %. These oxides both 
form strong negative correlations with increasing MgO and Mg # (Fig. 10). CaO varies 
from 6.94 to 13.79 wt %, and shows a strong positive correlation with MgO and Mg # 
(Fig. 10). Na2O (2.6 – 3.9 wt. %) and K2O (.41 – 2.74 wt. %) display a weaker negative 
correlation with increasing MgO and Mg #. These data (Table 1) correlate nicely with 
other data from Sivas (Parlak et al. 2001; Kürkcüoğlu, unpublished data) except for K2O 
and Na2O; these two oxides display a less prominent correlation when the data sets are 
integrated (Fig. 10).  
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 TiO2 (1.32 – 2.04 wt. %) does not appear to vary with changes in SiO2, but 
displays a slight negative trend with increasing MgO and Mg#. Fe2O3 (1.22 – 1.95 wt. %) 
and FeO (7.92 – 9.93 wt.%) display no correlation to changes in MgO (5.58 – 12.62 wt 
%). All three oxides display a strong negative correlation to increasing SiO2. These trends 
are also corroborated by previous data sets. However, outliers exist in plots of TiO2.  
 All samples have olivine and diopside in their norms. Samples fall broadly into 
two groups: those with minor (<5 wt.%) nepheline and those with 3.9 – 14.7 wt. % 
hypersthene (Appendix C). 
 
 
 
Table 1a: Major Oxides (wt. %) and Loss on Ignition values (LOI; wt. %) of Sivas samples (CIPW 
norms in Appendix C) 
Sample  SiO2 MgO CaO MnO TiO2 Fe2O3 Na2O K2O Al2O3 P2O5 LOI  Total 
SV-01 49.78 7.27 9.08 0.16 2.04 11.62 3.35 1.79 15.27 0.39 0.08 100.62 
SV-02 49.43 7.95 8.50 0.16 2.02 11.63 3.09 1.64 15.39 0.38 0.61 100.15 
SV-03 49.86 8.47 8.71 0.13 2.02 11.52 2.93 1.86 15.22 0.38 1.59 101.04 
SV-04 48.72 8.35 10.67 0.16 1.91 11.71 3.33 1.53 14.60 0.36 0.36 101.22 
SV-05 52.75 5.70 7.57 0.16 2.05 10.83 3.54 2.68 15.81 0.40 0.35 101.42 
SV-06 53.60 6.89 7.80 0.15 1.92 11.20 3.59 1.84 14.33 0.38 0.24 101.54 
SV-07 53.30 5.58 6.98 0.14 2.02 10.35 3.95 2.74 15.43 0.57 0.07 100.92 
SV-08 48.12 10.34 10.29 0.16 1.50 11.58 2.59 1.27 13.94 0.47 0.95 100.17 
SV-10 48.75 8.93 10.25 0.15 1.79 11.94 3.22 1.67 14.22 0.42 0.92 101.29 
SV-11 49.22 8.23 11.02 0.16 1.41 12.00 3.44 1.31 14.63 0.42 0.8 101.71 
SV-12 48.75 8.94 10.90 0.15 1.74 11.54 2.61 1.21 14.83 0.33 0.73 100.86 
SV-13 49.45 9.88 8.90 0.15 1.56 11.79 2.68 1.07 14.54 0.35 0.99 100.40 
SV-14 49.15 10.58 10.34 0.17 1.40 11.87 3.39 0.71 13.44 0.47 0.61 101.52 
SV-15 43.04 10.86 13.66 0.18 1.51 12.47 3.57 0.79 13.29 0.82 0.65 100.13 
SV-16 42.70 12.66 13.58 0.20 1.33 13.00 3.17 0.83 12.79 0.95 0.56 101.29 
SV-17 46.95 9.89 11.02 0.18 1.26 13.39 3.03 0.41 14.74 0.33 0.21 101.25 
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Figure 9: Total alkali silica diagram and classification scheme of this study’s data as well as previous 
studies (Parlak et al. 2001; Kürkcüoğlu, unpublished data) 
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Figure 10: Major oxides plotted against MgO. 
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III. Trace Element Compositions 
 Compatible trace elements have been studied and plotted to explore fractionation 
of major mafic phases. Cr values range from 169 – 341 ppm, Ni from 77 – 295 ppm and 
Sc from 16.4 – 25.0 ppm. In all three cases the higher concentrations are found in the 
most primitive samples and are near the primary concentrations that result from partial 
melting of a mantle source (Greenough et al., 2005). This feature indicates little 
fractionation of the olivine and other minerals subsequent to separation from a mantle 
source region. Both Cr and Ni are positively correlated with MgO but Sc does not display 
any trend with SiO2 or MgO (Fig. 11).  
 Abundances of highly incompatible trace elements (ITE), when normalized to 
primitive mantle, yield similar patterns for all samples. This pattern mirrors the decline of 
ITE from LIL through HFS elements seen in OIB (Fig. 12). Unlike OIB, however, the 
Sivas patterns are punctuated by minor to extreme variations in ITE concentrations 
similar to those observed in arc basalts. LIL elements, except Eu, are all enriched above 
MORB concentrations. Some samples display large negative Rb anomalies and minor K 
depletion but Th concentrations are not generally depleted (i.e., SV-07-15 and SV-07-
16).  Positive Eu anomalies also occur in these same samples. Ti and Hf generally behave 
similarly and no major anomalies are uniformly present. Some rocks, typically those with 
pronounced negative Rb, display minor positive Eu anomalies.  Most samples do display 
the negative Nb and Ta anomalies observed in arc related volcanics. Most samples also 
display some degree of a positive Pb anomaly.  
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Figure 11: Variation diagrams of compatible trace elements plotted against MgO. (Below) 
incompatible trace element Zr and compatible trace element Co concentrations plotted against MgO 
(Symbols are the same as Fig. 9.) 
 
 
 
Chapter 4 
 38 
 Chondrite-normalized REE data display moderate to steeply sloping patterns 
(REE: Fig. 13). Samples display a wide range of La, Ce and Pr values but patterns are 
parallel. Likewise Nb/Y ratios range from 0.5 – 1.5 but cluster above 1 (Fig. 14). REE 
data from previous studies displays similar REE trends, and average Nb/Y ratios are 
above or near 1, and the data vary with changes in SiO2 (Parlak et al. 2001, Kürkcüoğlu, 
unpublished data). As SiO2 increases the Nb/Y ratio decreases. Further, La concentrations 
are somewhat negatively correlated with MgO, though the data display much scatter (Fig. 
15).  
 Ce/Pb values are all lower than those expected of MORB or OIB (Fig. 16). These 
values remain fairly constant with decreasing MgO, but decrease in the most evolved 
samples (MgO < 8 wt. %). Rb/Sr and Ba/Rb ratios plot as arrays that trend away from 
primitive mantle values (Fig. 17). Also, U/Pb ratios are fairly low (0.217 + 0.08), as are 
Th/U ratios (2.6 + 1) when compared to ratios found in MORB (Table 2, Greenough, 
2005).  
 Other notable variations include K/Th ratios, which vary widely and chondrite 
normalized Tb/YbN ratios are fairly consistent around 2.2 (Table 2).  These elements are 
useful in some discussions of depth of melting. Other ratios are useful in differentiating 
asthenospheric source (MORB) and more heterogeneous mantle sources (OIB); Th/Nb 
ratios are normally restricted (MORB <0.17) and values for Sivas samples average 
around 0.2 (0 0.1 - 0.17; Parlak et al., 2001). Ti/V ratios are consistent with those 
expected from ocean island basalts (>45), averaging greater than those observed in 
MORB (22 – 29). La/Nb ratios are 1.08 on average compared to 1.07 in MORB and the 
regional Rb/Ba ratio average is 0.08, which is also similar to MORB values (0.089) and 
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OIB ranges (0.07 - 0.104; Table 2). Ti/Y ratios vary from 227 – 619 but the majority of 
samples are above 400. This range overlaps MORB and OIB values but both the mode 
and mean are within OIB ranges (Table 2). In summary, Ti/Y ratios average around the 
expected value for a moderately enriched mantle sources.  
Selected similarly incompatible trace element ratios do not fall within common 
ranges for OIB or MORB values (Table 2). Th/La ratios range from 0.12 -0.21 and form 
a positive trend when plotted against Th (Fig. 18). Most values are higher than those of 
OIB or MORB sources (<0.1; Plank, 2005). Similarly, Li concentrations from 
unpublished data collected in the same area (Kürkcüoğlu unpublished) range from 9-16 
ppm, higher than averages seen in melts from the mantle (3-4 ppm), while ratios of Li/Yb 
for the Sivas samples range from 3.9 – 10.4 (Fig. 19; Ryan  & Langmuir, 1987). 
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Figure 12: Incompatible trace element concentrations normalized to primitive mantle values (Sun & 
Mcdonough 1989) as well as normalized values for OIB and MORB for comparison. 
 
 
Figure 13: REE concentrations normalized to average chondrite. Normalizing values (Nakamura, 
1974; and Haskin et al., 1968). 
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Figure 14: (above) Nb/Y ratios plotted against SiO 
 
 
Figure 15: (above) La displays a minor negative variation with MgO. 
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Figure 16: (above) Ce/Pb ratios, note that MORB average ratio is 25 +/- 5 (Hoffmann et al., 1986). 
 
 
 
Figure 17: (above) Rb/Sr and Ba/Rb ratios. Note mantle and average crust compositions. 
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Figure 18: Th/La ratios plotted against increasing concentration of Th. Note that MORB ratios are 
lower than 0.1 which is denoted by a black line (Plank, 2005). (Symbols the same as Fig. 17) 
 
 
Figure 19: (Above) Li/Yb ratios of selected data (Kürkcüoğlu, unpublished). MORB ratios as 
extremely stable but vary by ocean: North Atlantic MORB (1.8) and Indian MORB (2.2) are denoted 
by blue and red lines respectively (Ryan  & Langmuir, 1987; Nishio et al. 2007
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Table 2: Selected trace element ratios (Tb/YbN) ratios normalized to average chondrite). OIB and 
MORB values unless otherwise noted from Melluso (2006). Ranges for Rb/Ba; Ti/Y; Nb/K; U/Pb; 
Nb/Sr; Th/Ce from Greenough (2005). 
Element 
Ratio 
Study Avg. Study σ 
Regional Avg.  Regional σ MORB OIB 
Zr/Y 7.30  1.14  6.46 2.41 2.6 9.7 
Ti/V 56.31  6.79  54.27 7.50 22-29 >45 
Lu/Hf 0.0780  0.0225  0.0673 0.0262 0.22 0.038 
Zr/Nb 6.43  0.96  6.63 2.81 31.8 5.8 
Ba/Nb 13.67  5.84  15.44 10.04 2.7 7.3 
La/Nb 1.08  0.39  1.13 0.47 1.07 0.77 
Nb/Yb 14.76  2.79  15.67 6.84 0.8 22.2 
Ce/Pb 12.75  2.54  10.64 4.76 25 25 
K/Nb 471.60  165.83  427.33 219.25 258 250 
Sm/Nd 0.21  0.02  0.21 0.02 0.36 0.26 
Th/U 4.02  0.65  2.69 1.20 2.6 3.9 
Nb/Pb 6.14  1.73  3.58 2.41 7.8 15 
La/Yb 10.51  4.18  10.89 4.75 0.55 17.12 
La/Nd 1.92  0.20  1.94 0.20 0.66 1.86 
Rb/Ba 0.06  0.04  0.08 0.04 0.089 .07-.104 
Ti/Y 471.18  88.22  479.74 81.01 271 489-680 
Nb/K 0.0025  0.0012  0.003 0.001 0.0039 
.0034-
.0077 
U/Pb 0.2601  0.0597  0.217 0.083 0.16 .34-.49 
Nb/Sr 0.0438  0.0166  0.040 0.013 0.026 .069-.107 
Th/Ce 0.0815  0.0144  0.090 0.031 0.016 .05-.066 
         
K/Th 3307.05  1887.88  2605.38 1408.17   
Th/Nb 0.19  0.09  0.20 0.15   
Ce/Y 2.52  0.97  2.41 0.96   
Tb/YbN 2.20  0.17  2.14  0.27    
Table 3 
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Chapter 5 – Discussion  
The chemical heterogeneities present in samples from all across the Sivas region 
require a thorough treatment of their petrogenesis to better identify these often-disparate 
signals.  Specific processes that may be responsible for these signatures include 
lithospheric delamination, sediment contributions, and contamination by the upper 
lithosphere. Identification of these signals could indicate that subduction or delamination 
impact the chemical nature of the mantle in a more pervasive manner then previously 
thought. Further, these contributions may indicate a more extensive occurrence of 
delamination, which could mean a more significant role for foundering in tectonics as 
well as the chemical evolution of the planet. Contributions by sediment may be traced by 
variations in Th/La ratios (Plank, 2005). Chemical signals such as Pb enrichment, Ba/Rb 
and Rb/Sr ratios, and Ce/Pb may indicate some role for contamination. However the 
chemically inconsistent nature of delamination makes it harder to  identify.  
Important to adequately identifying these various components is the nature of the 
delamination signal within basalt geochemistry. Magmas generated during or subsequent 
to delamination are commonly defined by the progression from sub-alkalic rocks to 
increasingly more alkaline suites. The transitional - calc-alkaline nature of the Sivas 
rocks make delamination inputs possible. However, the observed increase in alkalinity is 
not extreme. When this time step approach is not clearly obvious one must turn to the 
mixture of arc and ocean island basalt characteristics that characterize these magmas 
(Pearce et al., 1990; Keskin 2003).  
Specifically, enriched mantle components displayed by inconsistent ITE and REE 
patterns and ratios, and subduction components, such as fluid fractionation of Li and 
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enrichment of Th/La ratios, may also be indicative of delamination signals. Before these 
characterizations can be carried out, the role of differentiation must be addressed to 
prevent mistaking artifacts of fractionation for variation in source components.  
I. Crystallization history. 
 All of the Sivas rocks analyzed in this study, as well as those reported previously 
(Parlak et al. 2001, Kürkcüoğlu, unpublished data), are fairly primitive; the most evolved 
sample is a basaltic trachyandesite with MgO content of 4.07 wt.% (Fig.9a). As a result, 
trace element concentrations can be used to infer those of their parental melts. 
 The variation in concentrations of the major oxides is strongly correlated to 
increasing SiO2 and decreasing MgO (Fig. 10). These variations indicate some role for 
fractionation. Specifically, CaO decreases along with MgO, which indicates possible co-
precipitation of plagioclase and clinopyroxene. Increasing Al2O3 with decreasing MgO 
indicates possible clinopyroxene or olivine fractionation and a limited role for plagioclase 
accumulation in higher MgO samples, which is consistent with petrographic observations 
(Fig. 10). Compatible trace element variations corroborate these major element trends. 
Although Sc concentrations do not decrease in samples with less than 6 wt. % MgO, as 
would be expected for clinopyroxene fractionation, values for even the most primitive 
samples are less than the expected primitive concentration (30 ppm) so some 
clinopyroxene fractionation is likely to have occurred (Fig. 11). Further, Ni, and to a 
lesser extent Co and Cr, decrease with decreasing MgO. Incompatible trace elements 
such as Zr increase strongly while others such as La increase mildly with decreasing 
MgO (Fig. 11) and indicate, along with the aforementioned trends, the evolution of these 
lavas.  
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 REE data display parallel patterns but a range of concentrations (Fig. 13). These 
variations in concentration could be the result of either differing degrees of partial 
melting or fractionation. As noted above, concentrations of the REE La correlate 
negatively with MgO (Fig. 15), which indicates that these variations in REE 
concentration are most likely due to differentiation, not varying degrees of melt. Overall, 
these lavas display some evidence for fractionation, and no doubt some of their chemical 
heterogeneity is the result of this. However, some ratios of similarly incompatible trace 
elements vary with changes in SiO2, MgO, and other tracers of magma evolution. For 
example, Nb/Y ratios are positively correlated with MgO, as are some ratios of Ce/Pb, 
but Ba/Rb remains constant. These variations indicate that there are other processes and 
sources of this elemental differentiation. 
II. Contamination 
 Current interpretations of the petrogenesis of the Sivas rock suites require crustal 
and lithospheric contamination as the primary cause of observed chemical variation 
besides fractionation (Parlak et al., 2001). Parlak et al. (2001) counts on an OIB type 
source, caused by decompression melting, being subsequently contaminated during 
transport through the overlying lithosphere. Pb is far more concentrated in the crust than 
in rocks formed from partial melting of the underlying mantle. Ce/Pb ratios below those 
of primitive mantle (Fig. 16) as well as consistent positive Pb anomalies in the ITE plots 
(Fig. 12) lend support to crustal contamination as a source of chemical variation. Low 
Ce/Pb values track with decreasing MgO, but only in samples with low MgO. High MgO 
samples and data from previous studies (Parlak et al., 2001) don’t covariate. This 
suggests that while crustal contamination has acted on more evolved samples, samples 
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from this and other studies indicate that primitive magmas have made it through the crust, 
providing more representative probes of a parental melt. The chemistry of these magmas 
indicates that variation once attributed to crustal contamination (Parlak et al., 2001) may 
be the result of other inputs. 
 Some similarly incompatible trace elements behave almost identically during 
partial melting. As a result, the ratio of these trace elements in partial melts, unless 
otherwise altered, will remain similar to that of their source region. Ratio such as La/Nb 
and Rb/Ba are assumed to remain similar to that of the asthenopheric mantle unless 
otherwise altered by additional inputs. As such, Ba/Rb and Rb/Sr values are used to track 
lithospheric inputs to a mantle source. However, most samples display low values near 
MORB and OIB for both these ratios (Fig. 17), which is consistent with a primitive 
mantle origin.  
While Ce/Pb correlates with MgO at low MgO values Ba/Rb does not and only 
some Rb/Sr ratios vary with MgO (Fig. 20). Crustal and lithospheric contamination, 
while present, do not show contamination trends in all samples. This weakens the case 
that no other notable sources are present. Th/U and U/Pb ratios are also much lower than 
would be expected if a pervasive crustal contamination signal were the only cause of 
observed chemical variation (Table 2).  
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Figure 20: Ba/Rb ratios are not very sensitive to changes in MgO, while Rb/Sr 
displays a negative correlation. 
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III. Decompression Melts and OIB character 
 Decompression melting to produce these lavas is supported by “asthenospheric” 
ITE ratios, such as La/Nb and Rb/Ba, that cluster near values expected of MORB and 
OIB (Table 2). Ba/Rb and some Rb/Sr ratios (Fig. 17) also indicate a mantle origin for 
these basalts. Parlak et al. (2001) postulated that as a result of escape tectonics, faulting 
induced decompression melting is responsible for the generation of Sivas rock suites. 
However, ITE data indicate that such a simple petrogenesis is inconsistent with chemical 
indicators of melting depth and tectonic setting. While ITE patterns generally follow 
those of OIB Sivas ITE diagrams also display pervasive negative Nb and Ta anomalies 
that are characteristic of arc-derived magmatism (Fig. 12). While the overall fingerprint 
of these ITE diagrams follows the relatively gently sloping trend of OIBs, no one trend 
defines all of the Sivas lavas. Furthermore, samples with similar ITE trends tend to 
coexist in proximal geographic locations. Samples with positive K anomalies and similar 
ITE patterns cluster in the southeast of the study area. Similarly, the distinctive Rb 
depleted, moderately low K samples with very pronounced Nb and Ta anomalies cluster 
to the west, with variations on these themes in between.  
Despite some variation, ”asthenospheric” mantle-like ITE ratios do suggest that 
decompression melting may have played a role in the petrogenesis of these rocks. To 
better constrain the role of decompression melting, REE and specific trace element ratios 
were explored to ascertain possible depths of melting. Steep REE trends may be due to 
residual garnet in the source (Fig. 13). This is indeed consistent with melting at depth 
because garnet baring mantle rocks are stable at grater depths and pressures than more 
shallowly occurring rocks such as plagioclase and spinel baring mantle lherzolite. Yet, 
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some of the most primitive samples display both the REE signatures of melting in the 
presence of garnet as well as depletion in K and Rb relative to the similarly incompatible 
element Th (Fig. 12). While fractionation of K/Th could occur due to the crystallization 
of phlogopite or amphibole, there is no petrographic evidence for the crystallization of 
this phase. Melting in the presence of phlogopite would also be consistent with this 
fractionation trend. So, these primitive samples carry signals of both extremely shallow 
and deeper melting. Melting at a transitional depth could account for such a signal.  
When Tb and Yb are explored, the signals become even more complicated. The 
garent-spinel transition (~60-70 km) is sensitive to few trace elements, but Yb and Tb are 
an exception. All samples display moderate Tb/YbN ratios (~2.5; Table 2). Variations in 
these two elements are due to Yb being much more compatible than Tb in garnet 
lherzolite (Stalder, 1998). Therefore such enrichment of Tb in comparison to Yb indicates 
that melting probably occurred in the presence of garnet, which is perfectly consistent 
with the REE patterns of the most basic lavas. However these REE data do not easily 
match the Rb and K depletion trends found in these least evolved lavas. This 
inconsistency in ITE trends leads to the idea that their petrogenesis is complicated by 
questions of depth of melting and crystallization history. Simple decompression melting 
with no additional inputs will not suffice as an explanatory framework.  
The above inconsistencies could be the result of shallow or deep melting with 
enrichment due to other processes to account for the anomalous signatures. Deep melting 
within the garnet stability field would explain REE patterns and Tb/YbN ratios as well as 
other ITE variation, while shallow melting would reconcile negative Rb anomalies and 
K/Th ratios. However, not all trace element patterns are explained this way, specifically 
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Nb and Ta variations would have to be the result of some other input. It is possible that 
melting occurred at a particular depth and the contrary REE signals or ITE signals are 
artifacts of local mantle heterogeneities. For example, a subducted slab or another 
eclogitized source, such as lithospheric cumulates, would provide a garnet bearing solid 
phase for melting within a predominately phlogopite-rich region. However, this lithology 
would not account for all the variability present in the Sivas suite as inputs possibly 
related to subduction (Th/La, Li/Yb, etc.) must be accounted for.   
IV. Problems of Petrogenesis  
 While fractionation has been shown to be a strong force in the development of 
rocks from the Sivas region it does not explain the absolute and relative abundances of 
some important trace elements. Specifically the subduction tracers Th, La, Th/La and Li 
fail to vary in a meaningful way with changes in MgO or SiO2 (Fig. 21). These important 
tracers of subduction are thus most likely not artifacts of fractionation and indicate some 
other unique chemical consequence for the sources or inputs of these rocks.  
 Contamination due to crustal and other lithospheric inputs are best singled out 
with Ce/Pb and Ba/Rb and Rb/Sr. Given this, Th/La, Li and ITE signals were compared 
to these lithospheric discriminates. Th/La ratios vary independently of Ce/Pb and the 
other tracer ratios. Li/Yb ratios do not correlate strongly with these tracers but actually 
increase with decreases in levels of contamination (Fig. 22). Further, when samples with 
Ce/Pb ratios indicative of contamination as well as Ba/Rb and Rb/Sr ratios that display 
lithospheric input are ignored the remaining samples still display strong Nb and Ta ITE 
signals. These arc-related signals are even strongest in some of the most uncontaminated 
samples. Inconsistencies such as these are the primary problem with an OIB-like 
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contamination-only regime as the petrological story for these diverse rock suites. As such 
I will provide alternative processes that may explain this observed chemical variation.  
 
 
 
Figure 21: (Top) Th/La and Li (Below; Kürkcüoğlu Unpublished) do not appear to vary 
with change in MgO. 
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Figure 22: Li/Yb signatures increase with decreasing contamination signals such as 
increasing Ce/Pb and decreasing Rb/Sr. Th/La appears to be decoupled from these 
contamination indicators. 
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 Plank (2005) found that Th/La ratios of < 0.1 are characteristic of both MORB 
and OIB. Data from the Sivas suite all plot above this value and increase with increasing 
Th (Fig.18). This trend is indicative of a possible contribution due to subducted 
sediments. While elevated Th relative to La is found to be indicative of subducted 
sediments (Plank, 2005) further evidence for subduction is needed to collaborate the 
input of subduction related materials.  
Li is a relatively light element that does not fractionate readily from Yb during 
partial melting (Ryan &Langmuir, 1987). Further, it along with Be and B is susceptible to 
fluid partitioning during subduction, allowing Li to fractionate from Yb as subduction 
fluids act on subducting rocks and sediments (Brenin, et al. 1999).  Further, studies 
indicate that Li/Yb ratios are fairly constant near 1.8 or 2.2 for MORB (Nishio et al., 
2007). In contrast, Li/Yb ratios in selected Sivas samples ranged from 3.9 -10.4 
(Kürkcüoğlu, unpublished data), well above values expected from melts of just the 
mantle (Fig. 19). Elevated Li cannot be an artefact of fractionation as indicated above and 
is not connected to contamination indicators. Like the Th/La signals this increased Li in 
reference to Yb is consistent with a subduction related input. 
Pervasive negative Nb and Ta anomalies in ITE diagrams indicate “arc-like” 
signals that are present in the most evolved samples as well as the most basic. As a result 
these signals are not likely resultant of fractionation. When contamination is taken into 
account by selecting those with high Ce/Pb and low Ba/Rb and Rb/Sr ratios these signals 
persists. Again this indicates that these anomalies are not likely the result of 
contamination by the lithosphere. Inconsistencies between REE data and these ITE 
anomalies are hard to reconcile. If REE patterns are believed these arc-like Nb and Ta 
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anomalies must be explained by some outside input, and if shallow melting is accepted 
than the REE patterns must be addressed. In both cases some mantle heterogeneities 
would be an easy way to introduce such contrary signals. As outlined above this could be 
subduction related input, or delamination induced mantle heterogeneities. 
V. Conclusions 
 Mafic rock suites from Sivas indicate a complex and possible heterogeneous 
petrologic history. While past studies (Parlak et al., 2001) found that rocks of this region 
were produced by simple decompression melting of the asthenosphere with subsequent 
lithospheric contamination, this study indicates greater complexity. The data presented in 
this study include more primitive samples and also show far more geochemical variation 
allowing for a more robust treatment of their petrogenesis.  
 Samples display strong differentiation trends in major element data. Al2O3 and 
CaO variation, in particular, confirm the importance of fractionation, while trace element 
concentration of elements such as Cr and Ni mirror these trends. However, important 
elements do not correlate with fractionation (Th and Li) while similarly incompatible 
trace element ratios do vary (Nb/Y and Ce/Pb) indicating some other processes at work.  
In previous studies these processes were assumed to be simply decompression 
melting influenced by lithospheric contamination. A treatment of Ce/Pb data finds only 
some contamination trends, while Ba/Rb and Rb/Sr values for most samples display little 
lithospheric interaction. Data confirm that trace element ratios indicate decompression 
melting had some role in the genesis of the Sivas suite. However, new samples recovered 
far more varied ITE patterns and ratios than in previous work. Some samples share ITE 
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depletion trends in Nb and Ta that appear arc-like or opposite of OIB anomalies expected 
from simple earlier interpretations.  
REE trends conflict with ITE depletion signals and require some other inputs. 
Some samples suggest melting in the presence of phlogopite due to depletion of K 
relative to Th, while some of the same samples suggest deeper melting, which is 
indicated by steep REE patterns and moderate Tb/YbN ratios. Further, subduction related 
signals (Th/La and Li) are possible and if accounted for paint an increasingly complex 
history. As indicated before, subduction signals, OIB characteristics coupled with arc-like 
signatures may be indicative of magmas produced by delamination processes.  
 Given the limitations of trace element data it is not possible to attribute these 
volcanics to local delamination. However, intensifying of alkalinity from west to east 
does mirror trends seen in Eastern Anatolia where delamination has been cited (Pearce et 
al., 1990; Yilmaz, 1990). Despite this ambiguity, it is possible that subduction and/or 
delaminaiton processes to the east and west may have altered the local lithosphere 
beyond their immediate areas. If so, delaminaiton processes could account for more 
mantle heterogeneity than previous thought. Application of isotopic data could help better 
constrain these various signals and truly unravel the extent to which these processes can 
alter the mantle around them. Such knowledge of these processes could allow for a more 
robust treatment of the chemical evolution of the earth’s largest reservoir, the convecting 
mantle.  
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Appendix A 
Sample Locations 
 
Table A1: Coordinates and elevation of sample. (UTM zone 37) 
Sample 
Number 
UTM 
Easting 
UTM 
Northing Elvation (m) 
Latitude 
(N) 
Longitude 
(W) 
SV-07-01 338301 4340100 1678 39.20 37.13 
SV-07-02 338097 4340069 1673 39.19 37.13 
SV-07-03 336204 4338851 1670 39.18 37.10 
SV-07-04 341590 4331111 1561 39.11 37.17 
SV-07-05 346184 4322345 1670 39.04 37.22 
SV-07-06 303646 4307511 1741 38.89 36.74 
SV-07-07 313356 4305914 1860 38.88 36.85 
SV-07-08 335596 4363249 1426 39.40 37.09 
SV-07-09 301738 4339280 1827 39.18 36.70 
SV-07-10 292582 4336204 1689 39.15 36.60 
SV-07-11 291531 4337346 1747 39.16 36.59 
SV-07-12 306965 4338313 1805 39.17 36.77 
SV-07-13 312644 4339398 1697 39.18 36.83 
SV-07-14 257163 4376133 2010 39.50 36.18 
SV-07-15 263865 4369555 1580 39.44 36.26 
SV-07-16 263385 4370578 1632 39.45 36.25 
SV-07-17 264422 4372387 1667 39.47 36.26 
Table 4A1: Coordinates and elevation of sample. (UTM zone 37)
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Appendix B 
Thin section descriptions: 
SV-07-01 
Olivine, Plagioclase and clinopyroxene all occur as phenocryst and account for ~5% of 
the sample. The most abundant phenocryst mineral is equant olivine (min length .3 mm/ 
max 2 mm/ average .8 mm), which displays yellow and orange iddingsite alteration 
across primarily euhedral surfaces. Light green equant clinopyroxene (1.5 mm/ 2.9 mm/ 2 
mm) also displays golden brown alteration across subhedral faces. Subhedral tabular 
plagioclase occurs as a rare phenocryst (min length: 8mm/ average: 1.48 mm). The 
groundmass is mostly plagioclase lathes with minor (15%) pyroxene and olivine 
microcryst, and sparse  (~10%) opaque minerals.  
 
SV-07-02 
Olivine, pyroxene, and rare plagioclase occur as phenocryst and account for ~15% of the 
rock. The most abundant phenocryst mineral is tabular euhedral plagioclase (.4 mm/ 1.2 
mm/ .6 mm).  Equant to slightly tabular olivine (.4 mm/ 1.2 mm/ .8 mm) occurs mostly as 
subhedreal cyrstals with minor iddingsite alteration rims. Clinopyroxene (.5 mm/ 1.8 mm/ 
1 mm) occurs primarily as anhedral glomeroporphritic crystals. The fine-grained 
groundmass is primarily plagioclase lathes with moderate (~25%) microcyrst of olivine 
and pyroxene and minor (10%) opaque minerals.  
 
SV-07-03 
Plagioclase, olivine and clinopyroxene occur as phenocryst and account for ~8% of the 
sample. The most abundant phenocryst mineral is plagioclase (.4mm/ 2 mm/ .8 mm) and 
occurs mostly as a subhedreal crystal. Equant olivine (.4 mm/ 1.8 mm/ .6 mm) occurs as 
euhedreal crystals with iddingsite alteration rims and zones. Equant clinopyroxene (.6 
mm/ 1.6 mm) occur as euhedral crystals with brown to brownish green alteration rimes 
and zones. The groundmass is primarily plagioclase lathes with 15% olivine and 
pyroxene (extremely altered), and 5% opaque minerals.  
 
SV-07-04 
Olivine and pyroxene occur as phenocryst and account for 10% of the sample. Equnt 
olivine (.4 mm/ 1 mm/ .5 mm) is the dominant phenocryst mineral with iddingsite 
alteration rims about anhedral and subhedral crystal boundaries. Minor equant 
clinopyroxene (.65 mm) occurs as subhedreal crystals with minor alteration. The fine-
grained groundmass is mostly composed of plagioclase lathes as well as moderate (25%) 
olivine and pyroxene microcryst and minor (5%) opaque mineral.  
 
SV-07-05 
Olivine, clinopyroxne, and plagioclase occur as phenocryst and account for 6-7% of the 
sample. Equant olivine (.3mm/ .8 mm/ .7 mm) occurs primarily as euhedral and 
subhedreal crystals with heavy iddingsite alteration. Equant clinophyroxene (.2 mm/ .5 
mm/ .3 mm) occurs as euhedreal crystals of light gray grains as well as light green 
Augite. Some pyroxenes display simple twinning. The fine-grained groundmass consists 
mostly of plagioclase lathes as well as abundant (30%) microcyrsts of olivine and 
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pyroxene and minor (10%) opaque minerals. This sample has been picked because of 
secondary mineralization.  
 
SV-07-06 
3-5% of this sample is composed of phenocryst of olivine, clinopyroxene and plagioclase. 
Slight tabular to equant olivine crystals (.3 mm/ 1.2 mm/ .7 mm) display pervasive dark 
red iddingsite alteration rims and are mostly subhedreal. Equant clinopyroxene (.3 mm/ 
1.7 mm/ 1 mm) mostly occur as anhedral green to brown crystals with minor alteration 
and rare twinning. Rare, tabular plagioclase (.8mm/ 2.4 mm/ 1 mm) occurs as subhedral 
crystals. The fine-grained groundmass consists mostly of plagioclase lathes as well as 
15% microcyrsts of olivine and pyroxene minor (5%) opaque minerals.  
 
SV-07-07 
5-7% of this sample is composed of an equal proportion of olivine and clinopyroxene 
phenocryst as well as rare plagioclase phenocyrst. Equant olivine (.1 mm/ .8 mm/ .2 mm) 
occurs as subhedreal and euhedral crystals with dark red iddingsite alteration rims. 
Equant clinopyroxene (.2 mm/ 2.6 mm/ .5 mm) occur as brown glomerporphyritic 
crystals and brown subhedral to euhedral singular crystals. Equant plagioclase (.15 mm/ 
.8 mm/ .3 mm) occurs as subhedral crystals. The fine-grained groundmass consists 
mostly of plagioclase lathes, as well as 15% opaque minerals and rare microcrysts of 
olivine and pyroxene.  
 
SV-07-08 
10 % of this sample is composed of mostly olivine and some clinopyroxene phenocryst. 
Mildly tabular to equant olivine (.2 mm/ 1.6 mm/ .4 mm) occurs as mostly euhedreal 
crystals with minor iddingsite rims. Clinopyroxene (.25 mm/ .8 mm/ .5 mm) occurs 
mostly a brown, equant, and anhedral crystals with some displaying a glomeroporphyritic 
texture. The fine-grained groundmass consists mostly of plagioclase lathes as well as 5-
7% opaque minerals and sparse altered microcrysts that are most likely olivine or 
pyroxene.  
 
SV-07-10 
6% of this sample is composed of olivine phenocrysts. Olivine (.2 mm/ 2.2 mm/ .5 mm) 
occurs as tabular to equant crystals with red iddingsite alteration rims. The fine-grained 
groundmass consists mostly of plagioclase lathes as well as 6% opaques and 6% red 
iddingsite and other alteration minerals.  
 
SV-07-11 
10% of this sample is composed of olivine and very rare plagioclase phenocryst. Olivine 
(.15 mm/ .65 mm/ .4 mm) occurs as euhedral and subhedreal equant to mildly, tabular 
crystals at various stages of reddish brown iddingsite alteration (rims, zones, complete). 
Plagioclase phenocryst occur too rarely for full size categorization but average .5 mm. 
The fine-grained groundmass consists mostly of plagioclase lathes as well as 6% opaque 
minerals and 3% red altered olivine and pyroxene microcyrsts. Sample contains 
carbonate secondary mineralization. 
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SV-07-12 
4% of this sample is composed of olivine and minor clinopyroxene, and plagioclase 
phenocryst. Olivine (.1 mm/ 1.2 mm/ .4 mm) occurs as euhedreal equant to tabular 
crystals with reddish and brown iddingsite alteration rims. Clinopyroxene (.3 mm/ 1.6 
mm/ .6 mm) occurs as brown subhedreal, equant and minor glamaroporphoritic crystals. 
Plagioclase (.4 mm/ .8 mm/ .6 mm) occurs as rare euhedral – subhedral tabular crystals. 
The fine-grained groundmass consists primarily of plagioclase lathes as well as 10% 
opaque minerals and minor pyroxene and olivine microcrysts. 2.4 - .6 mm secondary 
minerals occur rarely.   
 
SV-07-13 
7% of this sample is composed olivine phenocryst. Olivine (.2 mm/ 1.2 mm/ .5 mm) 
occurs as subhedral tabular crystals that have been mostly altered to greenish brown 
serpentine minerals. The fine-grained groundmass consists mostly of plagioclase lathes as 
well as 20% red and green/brown serpentine and possibly iddingsite alteration minerals 
and 2 % opaque minerals. Some rare carbonate mineralization is also present.  
 
SV-07-14 
3% of this sample consists of olivine and clinopyroxene phenocryst. Olivine (.2 mm/ 1.6 
mm/ .5 mm) occurs as subhedreal tabular crystals. Clinopyroxene (.5 mm/ 1.2 mm/ .8 
mm) occurs as subhedreal to anhedreal brown and tabular to rare glamaroporphoritic 
crystals. The fine-grained groundmass consists primarily of plagioclase lathes as well as 
2% opaque mineral and rare green/brown alteration mineral.  
 
SV-07-15 
4% of this sample consists of olivine and rare clinopyroxene phenocrysts. Olivine (.1 
mm/ .6 mm/ .4 mm) occurs as euhedral tabular crystals with dark red iddingsite alteration 
rims. Clinopyroxene (.2 mm/ .8 mm/ .4 mm) occurs as euhedral brown tabular crystals 
with reddish brown alteration rims. The fine-grained groundmass consists primarily of 
plagioclase lathes as well as 10% red/brown iddingsite altered microcrysts.  
 
SV-07-16 
8% of this sample consists of olivine and clinopyroxene phenocryst. Olivine (.2 mm/ 1.2 
mm/ .5 mm) occurs as euhedral tabular crystals with reddish iddingsite alteration rims. 
Clinopyroxene (.25 mm/ 1.1 mm/ .35 mm) occurs as brown and green anhedreal – rare 
subhedreal tabular crystals with reddish brown alteration rims. The very fine-grained 
groundmass consists primarily of plagioclase lathes and microcrysts but is too fine to 
discern good fractions.  
 
SV-07-17 
10% of this sample consists of olivine and clinopyroxene phenocrysts. Olivine (.2 mm/ .6 
mm/ .4 mm) occurs as euhedral tabular crystals with reddish iddingsite alteration rims. 
Clinopyroxene (.15 mm/ .5 mm/ .4 mm) occurs as brown and green, euhedral, tabular 
crystals with reddish brown alteration rims. The very fine-grained groundmass consists 
primarily of plagioclase and microcrysts of mostly pyroxene and olivine, but is too fine to 
estimate good fractions
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Appendix C 
 
CIPW normative mineralogy 
 
SV-01 Norm Calculations  SV-02 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 48.56 53.88  Plagioclase 49.83 55.36 
Orthoclase 10.58 12.29  Orthoclase 9.75 11.36 
Nepheline 0.92 1.07  Diopside 13.44 12.05 
Diopside 16.8 14.99  Hypersthene 4.55 3.94 
Olivine 15.84 13.06  Olivine 15.12 12.57 
Ilmenite 3.87 2.43  Ilmenite 3.87 2.43 
Magnetite 2.52 1.44  Magnetite 2.55 1.46 
Apatite 0.9 0.84  Apatite 0.88 0.82 
Total 99.99 100  Total 99.99 99.99 
       
       
SV-03 Norm Calculations  SV-04 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 47.61 52.91  Plagioclase 39.15 43.82 
Orthoclase 10.99 12.81  Orthoclase 9.04 10.64 
Diopside 14.43 12.97  Nepheline 5.04 5.93 
Hypersthene 3.9 3.39  Diopside 24.54 22.23 
Olivine 15.84 13.26  Olivine 15.24 12.83 
Ilmenite 3.82 2.4  Ilmenite 3.61 2.29 
Magnetite 2.51 1.44  Magnetite 2.54 1.47 
Apatite 0.88 0.82  Apatite 0.83 0.79 
Total 99.98 100  Total 99.99 100 
       
       
SV-05 Norm Calculations  SV-06 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 48.99 53.67  Plagioclase 47.69 53.02 
Orthoclase 15.78 18.05  Orthoclase 10.81 12.54 
Diopside 12.74 11.15  Diopside 15.18 13.51 
Hypersthene 6.64 5.58  Hypersthene 14.97 12.83 
Olivine 8.71 6.99  Olivine 4.43 3.63 
Ilmenite 3.87 2.39  Ilmenite 3.63 2.27 
Magnetite 2.35 1.32  Magnetite 2.42 1.38 
Apatite 0.93 0.85  Apatite 0.88 0.82 
Total 100.01 100  Total 100.01 100 
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SV-07 Norm Calculations  SV-08 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 49.73 54.37  Plagioclase 43.83 49.29 
Orthoclase 16.19 18.42  Orthoclase 7.56 8.94 
Diopside 12 10.46  Nepheline 0.63 0.74 
Hypersthene 5.1 4.27  Diopside 20.66 18.88 
Olivine 9.58 7.67  Olivine 20.81 17.81 
Ilmenite 3.84 2.35  Ilmenite 2.87 1.83 
Magnetite 2.25 1.26  Magnetite 2.54 1.48 
Apatite 1.32 1.2  Apatite 1.09 1.03 
Total 100.01 100  Total 99.99 100 
       
       
SV-10 Norm Calculations  SV-11 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 38.59 43.26  Plagioclase 40.26 45.1 
Orthoclase 9.87 11.62  Orthoclase 7.68 9.04 
Nepheline 4.31 5.07  Nepheline 4.97 5.84 
Diopside 23.26 21.1  Diopside 25.41 22.98 
Olivine 17.03 14.36  Olivine 15.47 12.92 
Ilmenite 3.4 2.16  Ilmenite 2.66 1.69 
Magnetite 2.6 1.5  Magnetite 2.6 1.5 
Apatite 0.97 0.92  Apatite 0.97 0.92 
Total 100.03 99.99  Total 100.02 99.99 
       
       
SV-12 Norm Calculations  SV-13  Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 47.2 52.87  Plagioclase 47.39 53.17 
Orthoclase 7.15 8.43  Orthoclase 6.38 7.53 
Nepheline 0.03 0.04  Diopside 14.17 12.9 
Diopside 21.67 19.69  Hypersthene 12.4 10.94 
Olivine 17.37 14.7  Olivine 13.31 11.31 
Ilmenite 3.3 2.1  Ilmenite 2.96 1.88 
Magnetite 2.51 1.46  Magnetite 2.58 1.5 
Apatite 0.76 0.72  Apatite 0.81 0.77 
Total 99.99 100.01  Total 100 100 
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SV-14 Norm Calculations  SV-15 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 43.76 49.54  Plagioclase 18.04 20.26 
Orthoclase 4.2 4.97  Orthoclase 3.38 4.1 
Nepheline 2.17 2.58  Nepheline 16.5 19.98 
Diopside 23.22 21.25  Leucite 1.06 1.31 
Olivine 20.36 17.44  Diopside 36.37 34.01 
Ilmenite 2.64 1.69  Olivine 17.11 14.95 
Magnetite 2.57 1.5  Ilmenite 2.89 1.88 
Apatite 1.09 1.03  Magnetite 2.74 1.63 
Total 100.01 100  Apatite 1.92 1.86 
    Total 100.01 99.98 
       
       
SV-16 Norm Calculations  SV-17 Norm Calculations 
Normative 
Minerals Weight % Volume %  
Normative 
Minerals Weight % Volume % 
Plagioclase 18.24 20.61  Plagioclase 44.72 50.68 
Nepheline 14.49 17.65  Orthoclase 2.42 2.89 
Leucite 3.85 4.82  Nepheline 3.41 4.07 
Diopside 34.12 32.15  Diopside 22.11 20.3 
Olivine 21.59 19.08  Olivine 21.28 18.08 
Larnite 0.21 0.2  Ilmenite 2.37 1.53 
Ilmenite 2.51 1.65  Magnetite 2.91 1.71 
Magnetite 2.83 1.7  Apatite 0.76 0.73 
Apatite 2.2 2.15  Total 99.98 99.99 
Total 100.04 100.01     
 
